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The  surface  of  316  stainless  steel  has  been  modiﬁed  using  cold  atmospheric  plasma  (CAP) to increase  the
surface  free  energy  (by  cleaning  the  and  chemically  activating  the  surface)IN  preparation  for subsequent
processes  such  as painting,  coating  or  adhesive  bonding.  The  analyses  carried  out,  on  CAP  treated  316
stainless  steel  surfaces,  includes  X-ray  photoelectron  spectroscopy  (XPS),  imaging  XPS  (iXPS),  and  surface
free energy  (SFE)  analysis  using contact  angle  measurements.
The  CAP  treatment  is  shown  to increase  the  SFE  of  as-received  316  stainless  steel  from  ∼39 mJ m−1
to >72  mJ  m−1 after  a short  exposure  to  the plasma  torch.  This  was  found  to correlate  to a reduction
in  adventitious  carbon,  as determined  by  XPS  analysis  of the  surface.  The  reduction  from  ∼90  at%  tourface modiﬁcation
PS
∼30%  and ∼39 at%,  after  being  plasma  treated  for 5 min  and  15  s  respectively,  shows  that  the  process
is  relatively  quick  at changing  the surface.  It is suggested  that  the  mechanism  that  causes  the  increase
in  surface  free  energy  is chain  scission  of  the  hydrocarbon  contamination  triggered  by free  electrons  in
the plasma  plume  followed  by  chemical  functionalisation  of the metal  oxide  surface  and  some  of the
inati
Publiremaining  carbon  contam
©  2017  The  Author(s).  
. Introduction
.1. Pre-treatment methods
The surface of a material is a critical feature to consider with
egards to how it will interact with the surrounding environment.
eyond the bulk properties (e.g. strength, toughness), which are
he usual focus during material selection, the surface properties can
nﬂuence how the material can be joined, painted or functionalised,
r indeed how it reacts to aggressive environments i.e. corrosion
esistance, oxidation resistance and the like. These are important
spects to consider during material selection as it can affect struc-
ural integrity and, potentially, the durability of any adhesive joint
hat is fabricated or coating that is applied.
The surface properties of a material can be modiﬁed by using
ifferent processes, which can be mechanical, energetic, chemical
r a combination of these approaches each of these have its own
dvantages and disadvantages [1].
∗ Corresponding author at: Department of Mechanical Engineering Sciences, Uni-
ersity Of Surrey, Guildford, Surrey, GU2 7XH, UK.
E-mail address: david.williams@surrey.ac.uk (D.F. Williams).
ttp://dx.doi.org/10.1016/j.apsusc.2017.01.150
169-4332/© 2017 The Author(s). Published by Elsevier B.V. This is an open access articleon  layer.
shed  by Elsevier  B.V.  This  is an  open  access  article under  the  CC  BY license
(http://creativecommons.org/licenses/by/4.0/).
1.1.1. Mechanical processes
Mechanical processes such as grit blasting or abrasion generally
act to increase the rugosity of the surface, and they are relatively
material independent processes. This increases the surface area
which can be beneﬁcial for joining and painting, if the roughness
is on a micrometre scale. There is also material removal, normally
some or all of the surface oxide (in the case of metals) which will
reduce surface contamination but these processes also have the
potential to leave contamination behind, in the form of embedded
particles for example, and therefore sometimes require supple-
mentary cleaning steps prior to further processing. Additionally,
there is the danger that such adventitious material may  be rede-
posited if abrasive media, (grit, wire brush bristles etc)  is reused.
These processing methods are simplistic they are often effective
in terms of enabling high initial bond strength and the equipment
can beautomated and/or mounted on robots. However, there are
issues around controlling the process. While the equipment can be
mounted on robots there is difﬁculty in quantifying the grit-blasted
surface: visual inspection is a common approach, but this adds to
the cost and slows down the processing of a surface [2].1.1.2. Chemical processes
Chemical pre-treatment processes can produce many different
surface topographies and chemistries. Examples include chemical
etching and anodising the variety in terms of the chemistry used is
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ast and further information can be found in other published work
3–6]. These processes leave surfaces that are rough at both the
icrometre and nanometre scale with excellent wetting properties
nd have the potential to produce a strong bond with the adhesive
r paint. Chemical processes are widely used in industry because
f the excellent and diverse properties of the surface ﬁnish that
re possible. They are usually energy intensive as the chemicals
equired take a large amount of processing during manufacture and
isposal [7] and are also generally used at elevated temperature
typically75–85 ◦C).
These processes are generally wet (aqueous-based) which
eans that treating complex shapes is easily possible but the parts
ave to be dried and have residue removed before further process-
ng often washing and further drying [8]. Chemical treatments tend
o be tailored to a speciﬁc metal which leads to a situation whereby
ach materials requires its own chemical treatment; in turn this
akes the manufacture of multi material structures more complex.
.1.3. Energetic processes
Energetic processes such as ﬂame, laser and plasma treatments
re dry systems that can alter, etch or chemically functionalise the
urface [9]. Laser modiﬁcation at sufﬁciently high power can melt
he surface of the substrate, be it ceramic, metal or polymer, and
blate it to produce a roughening effect. This can be beneﬁcial but
equires a large amount of energy, and local melting of the surface
an lead to changes in the bulk properties as a result of microstruc-
ural changes [10], it is however, known to be an efﬁcient method
f treating polymers and ceramics for adhesive bonding [11,12].
.1.4. Plasma treatment
Plasma treatment has been used for many years to treat poly-
ers prior to painting, printing or bonding. The plasma treatment
or polymers can be divided into corona/dielectric barrier discharge
DBD), ﬂame treatment and low pressure plasma treatment. Prob-
bly the most widely used is either corona or DBD. These can be
onsidered atmospheric plasmas as they operate at ambient pres-
ure in atmosphere. Their methods of generation are discussed in
etail by Conrads [13]. Most polymers react well to such treat-
ents as they have a favourable structure to modify, and it is readily
traightforward to increase the surface free energy to a level nec-
ssary for bonding and other adhesion phenomena. These plasma
ources are well suited to polymer applications as they can be
laced in a production line close to the polymer web  being treated
n a roll: this is carried out in air and known as corona treatment
14]. As the plasma is only effective over a small distance this can be
asily controlled using simple geometries: using corona on a com-
lex 3D structure however is not possible, but ﬂame treatment used
n conjunction with robotic positioning of the ﬂame head is viable
9], as is the use of robots to position a plasma torch. Low pressure
lasma treatment is essentially a batch process that is still widely
sed for high added-value components despite the increased cost
nd time for treatment.
The plasma treatment of metals is much less widespread. There
re some applications which use low pressure plasma to modify the
urface of components prior to painting or bonding but these are
atch processes which lend themselves to low volume production
nd manufacturing [15–17].
Cold atmospheric plasma is a method of plasma generation
hich has not been as thoroughly investigated as other methods
able 1
ominal composition and composition in weight% of 316 stainless steel.
Fe Cr Ni C 
AISI 316 spec Bal 16–18 10–14 <0.08 
Test  samples Bal 16.5 10.2 0.02  Science 403 (2017) 240–247 241
of treating surfaces. It was  developed and is being used for the pre-
treatment of polyoleﬁns e.g. [18–20], and has since been applied
to the surface modiﬁcation of metals, this has been investigated
to a lesser extent compared to polyoleﬁn treatment and the cur-
rent analysis of the plasma treated of metals is limited to surface
topography, surface free energy and single spot XPS analysis, which
are invariably area integrating analyses of several to many square
millimetres in area. While these do elucidate to the level of treat-
ment at the centre of the treated area there is little work that has
been done to probe the area surrounding the treated area. This is
an important aspect of the treatment to consider as this will enable
the use of multiple passes using one torch to treat a large area
[21–23].
This work looks to complete the XPS analysis of a single plasma
setup by analysing the entire treated area. This will allow for a more
detailed knowledge of how the plasma interacts with the surface.
Furthermore it will allow for the start of a comparison of differ-
ent nozzle parameters and how changing the nozzle diameter, for
example, could change the size of the treated area as there are
applications where using a sub millimetre plasma torch may  be
advantageous such as micro-electronics [24].
This paper describes work conducted using a variant of a cold
atmospheric plasma (CAP) treatment, which has been used to treat
316 stainless steel. The chemical and physical properties of surfaces
obtained by the CAP treatment of the metal have been studied by
calculating the surface free energy change measured using contact
angle and X-ray photoelectron spectroscopy (XPS) these have been
included to allow for direct comparison between this and other
published work. To demonstrate how the plasma changes the area
surrounding the centrepoint imaging XPS has been used which is
described in Section 2.3.2.
2. Experimental
2.1. Steel
AISI 316 stainless steel (SS) purchased from Smiths Metals (Big-
gleswade, UK) was  used for this work. This alloy differs to the more
common AISI 304 by the addition of ca. 2 wt% molybdenum which
provides improved crevice corrosion resistance. The main uses for
the AISI 316 alloy include chemical storage, food processing, marine
and surgical applications. The speciﬁcation for AISI 316 is given in
Table 1 along with the composition of the steel used in this project.
The material was received with one side linished and covered with
a 100 m thick protective vinyl coating.
The 2 mm thick SS sheet was  cut into small coupons using a
guillotine. The protective coating was  then peeled off the sam-
ples, which were acetone wiped with a lint-free cloth prior to CAP
treatment. The vinyl coating residue provided a useful control for
a steel surface with carbon contamination present (subsequently
shown by XPS to be at a thickness of ca. 5 nm)  and enabled ready
assessment of the efﬁcacy of the CAP treatments studied as a means
to remove organic surface contaminants. Samples were treated by
CAP as 40 × 40 mm coupons except for the imaging XPS (iXPS) sam-
ples which were deliberately larger, 50 × 50 mm,  to avoid missing
any of the treated region. Contact angle measurements were made
on panels which measured 25 × 100 mm and readings were taken
immediately following CAP treatment.
Mo Mn Si P S
2–3 <2 <1 <0.045 <0.03
2.00 1.40 0.50 0.02 0.003
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Table 2
Gas combinations possible for this investigation.
Primary gas Secondary gas
Helium Oxygen (argon only)
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Nitrogen (helium only)
Water vapour
.2. Plasma
.2.1. Plasma composition
The plasma torch used in this experiment is a modiﬁed Plasma
act system from Ad-Tec Europe, originally developed for the use
f in vivo sterilisation of wounds. The base system uses either argon
r helium as a feed gas. The modiﬁed version used in this research
ses argon or helium as a primary gas and has an additional input
o allow doping of the inlet gas with other gases. This leads to a
umber of input gas combinations which are described in Table 2.
The plasma generator is a low power system, with an input
equirement of ∼150 W to operate and output of 15 W of
icrowave energy into a small cavity via a central antenna. This
onises the gas allowed into the torch through two high precision
ass ﬂow controllers (10 L min−1 – primary gas and 5 L min −1 –
econdary gas). The lines are combined sufﬁciently far upstream
rom the torch to ensure that the gas is fully mixed prior to ionisa-
ion. As the plasma output power is low, the bulk gas temperature
s of the order of 40–50 ◦C at a distance of 15–20 mm from the torch.
For this work pure helium gas was used as the input gas. This
hoice was based on published work [25] showing that it produces
 large reduction in carbon contamination when treating metals,
ccompanied by an increase in surface free energy. For industrial
urposes helium may  not be an adequate choice as it is an expensive
as to use as a consumable. Future work is planned however using
he other gases mentioned in Table 2 to determine if it is possible
o produce a comparable surface and therefore be more favourable
conomically.
The torch is attached to a table with computer controlled 3-axis
ovement to allow for exact positioning and repeatability with
espect to the steel substrate, both in terms of stand-off distance
nd treatment (torch) speed which can be varied within pre-set
imits. Control is managed by Mach3 software, purchased from
rtsoft which uses g-code to control the machine coordinates.
There are several differences between cold atmospheric plasma
nd low pressure plasma. Firstly cold atmospheric plasma operates
n ambient conditions compared to a reduced pressure atmosphere
sed in low pressure plasma. This is advantageous as there is no
acuum equipment needed to operate it but the atmosphere is
ore controllable when using low pressure plasma. Also, the ion-
sation ratio of the feed gas is much higher for a low pressure
lasma system [26] compared to CAP. This means that there is a
reater population of reactive particles which are present in the
lasma compared to atmospheric pressure plasma which may  have
n effect on the time required to achieve a level of treatment.Unpublished work carried out at TWI  has led to a set of parame-
ers which give the highest, practical, efﬁcacy of treatment judged
sing surface free energy measurements on an as-received metal
ubstrate. These are presented in Table 3.
able 3
arameter used for the plasma treatment.
Parameter Value
Stand off distance (mm)  5
Total indicated inlet gas ﬂow rate (l min−1) 8
Torch Velocity (mm  min−1) 150
Input gas Helium Science 403 (2017) 240–247
2.2.2. Cold atmospheric plasma treatment
Initial plasma treatments were conducted for long periods in
static mode to ascertain the effect on the steel substrate. This work
is then extended to ascertain if the same level of treatment can
be achieved with shorter treatments, thus improving treatment
efﬁciency.
Initial trials were conducted with a ﬁve-minute exposure time
on a single spot. These were then analysed using XPS. It should
be noted that less than two  minutes elapsed between treatment
ceasing and introduction of the specimen into the spectrometer.
The analysis was of a spot, of 800 m diameter, at the centre of the
treated area.
Subsequent trials were then conducted at 15 s dwell time which
is a more realistic treatment duration for industrial applications.
After a set of high resolution XPS spectra were acquired, iXPS was
employed using stage rastering, over an area of serval square cen-
timetres to investigate the distribution of chemical species across
the treated area. This has also been used to determine the treatment
area achievable with the current torch.
2.3. Analysis
2.3.1. Surface free energy
Surface free energy was calculated using a Kruss DSA 100 with
deionised water and diiodomethane as probe ﬂuids. A drop vol-
ume  of 5 L and 2 L respectively was  used for the duration of the
project, these drop sizes were based on work by Rymuszka [27]. The
Fowkes method [28] was  used to calculate the polar and dispersive
components of the surface free energy. The results are a mean of 5
drops of each probe liquid on the same steel coupon.
Surface free energy calculations have been used to measure the
initial efﬁcacy of the treatment. Unpublished work has been done
using contact angle measurements to determine the major factors
in terms of treatment variables in terms of treatment duration,
stand-off distance and gas ﬂow rate.
2.3.2. X-ray photoelectron spectroscopy
Chemical analysis of the substrate pre- and post-treatment was
conducted by XPS using a Thermo Scientiﬁc Theta Probe, with a
Thermo Scientiﬁc Avantage v4.88 datasystem for spectral acquisi-
tion and processing, using monochromatic aluminium K X-rays.
This technique was  used primarily to probe the change in surface
chemistry, post treatment. XPS was used in two different modes,
spot analysis and iXPS. For iXPS, the instrument was run in snap-
shot acquisition mode, using a 400 m diameter X-ray spot with
a step size of 400 m and a pixel array of 64 × 64, each pixel
containing a full set of snapshot spectra to be used for quantiﬁ-
cation and chemical state elucidation. The elemental regions that
were acquired using this technique were carbon1s, nitrogen1s, oxy-
gen1s, chromium2p3/2 and iron2p3/2. This set were chosen as they
routinely made up over 95% of the surface in previous analyses and
allowed for the acquisition to be made in a timelier manner.
The snapshot method of acquisition relies on the electron dis-
persion within the analyser to provide a complete spectrum of the
core level at the detector at any instant in time, rather than rely-
ing on the scanning of the analyser retarding potential, as is the
usual mode of operation, and the one used for point analysis in
the current work. In the snapshot mode the detector of the elec-
tron analyser records electron intensity in each detector channel
simultaneously (hence the term snapshot) and consequently a full
spectrum is recorded in parallel rather than the usual serial acqui-
sition mode. In snapshot mode the acquisition time is set at a value
that ensures a good quality spectrum of the core level of interest. For
the Theta Probe spectrometer, the detector consists of 112 channels
and the analyser pass energy employed, reﬂects the binding energy
window of the spectrum that is required, the dispersion between
D.F. Williams et al. / Applied Surface Science 403 (2017) 240–247 243
Table  4
Snapshot analysis settings.
Element Analysis window (eV) Pass energy
Carbon 281–292 116.9
Chromium 568–594 276.3
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Fig. 1. Graph of surface free energy components varying with different surface pre-
treatments for AISI 316 stainless steel [17].
Fig. 2. Survey spectra of 316 stainless steel (top − untreated, middle − 15 s exposure,
bottom − 5 min  exposure) [18].
Table 5
Composition data for the samples shown in Fig. 2.
Carbon Chromium Iron Molybdenum Nitrogen Oxygen
As received 79.5 0.9 1.3 1.9 16.4
15  s treatment 39.5 6.4 9.5 0.4 2.5 41.8Iron 700–722 233.8
Nitrogen 390–405 180.7
Oxygen 526–538 127.5
nner and outer channels of the detector being of the order of 10% of
he pass energy. The pass energies employed to provide appropri-
te binding energies for the core levels recorded are presented in
able 4. Clearly there is the usual compromise between sensitivity
nd spectra resolution as a function of pass energy, which in the
napshot mode restricts the width of the spectral window accessi-
le. For this reason, only the iron 2p3/2 and chromium 2p3/2 spectra
ere recorded rather than the more usual 2p doublet of the 2p3/2
nd 2p1/2. The main reason for using this mode is that the analy-
is takes 30–45 s per element per pixel as opposed to 5–6 min. This
llows a much larger area to be analysed within a realistic time. The
et of spectra at each pixel point were quantiﬁed and the variation
n transmission resulting from the different pass energies was  ame-
iorated by the inclusion of the appropriate transmission function
n the quantiﬁcation algorithm.
Spot analysis was performed using an X-ray spot size of 800 m
iameter. The usual methodology for this analysis was a survey
pectrum with a pass energy of 300 eV, a step size of 0.2 eV and
 scans followed by a series of high resolution spectra of the core
evels of the elements of interest. The high resolution spectra were
btained using a step size of 0.1 eV, pass energies from 30 to 80 eV
nd between 25 and 100 scans with depending on the concentra-
ion of the element.
Using the XPS data, further carbon over-layer thickness values
ere calculated using the methodology described by Smith [29]
ho proposed the following equation:
 = −C1s,Ccos ln
(
1 − x
100
)
(1)
here d is the depth of the carbon over layer in nanometers. C1s,C
s the effective attenuation length of a carbon electron in the hydro-
arbon over-layer, circa 3 nm,   is the electron take off angle, which
or the Theta Probe used in this analysis is 56◦ and x is the quantiﬁed
arbon concentration in atomic%.
. Results
.1. Surface free energy
The results of the surface free energy calculations conducted
n 316 SS are presented in Fig. 1; the dispersive and polar com-
onents of the total value are included. This shows that there is a
mall increase in the surface free energy when the surface is sol-
ent wiped, which can be attributed to some of the upper layers of
arbon contamination being removed.
.2. XPS
Fig. 2 shows the survey spectra for three stainless steel surfaces
reated using different methods. The untreated surfaces comprised
redominantly of carbon and oxygen, with a slight indication of
ron present. The emergence of the nitrogen peak when the surface
s treated may  be of interest to this study as the treatment was
onducted using pure helium plasma in atmosphere. This implies
hat there is some mixing of the atmosphere into the plasma, which
ay  then be ionised by collisions with the active species in the
lasma plume.5  min  treatment 28.8 4.8 10.3 0.9 2.2 53.0
The carbon over layer thickness for the untreated sample is
estimated to be ∼4.5 nm,  which is a considerable amount and is
reduced to 0.6–0.8 nm for the two  plasma treated samples calcu-
lated using the composition data shown in Table 5.
Examples of the iron and chromium 2p spectra are shown in
Fig. 3(a) and (b) respectively. From these it can be seen that the
extended treatment time does not affect the state of the iron or
chromium. There is a metallic component present in the iron spec-
trum for each of the treatment durations (707 eV). Compared to the
solvent wiped surface, which is lacking this feature. The aforemen-
tioned carbon over-layer appears to be attenuating the iron and
chromium intensity.
Fig. 4(a) and (b) show the iXPS data for the carbon and oxygen
concentration distributions across a treated region. Included is a
sample spectrum for each element taken from the centre of the
treated region.
244 D.F. Williams et al. / Applied Surface
Fig. 3. High resolution spectra of Fe2p (a) and Cr2p (b) (bottom − untreated, middle
−  15 s exposure, top − 5 min exposure) [18].
Fig. 4. XPS map showing distribution of carbon (a) and oxygen (b), inset typical
snapshot peak taken at the centre of the treated region [19]. Science 403 (2017) 240–247
4. Discussion
4.1. Surface free energy measurements
Treatment of AISI 316 stainless steel by a pure helium plasma
increases the surface free energy from 39 mJ  m-1 (untreated sur-
face) to 77 mJ  m-1, shown in Fig. 1. The low starting value is thought
to be a result of hydrocarbon contamination from the protective
polymer ﬁlm. An ultrasonic rinse in either isopropyl alcohol or ace-
tone removed some of the contamination but not all of it. This is
likely to be the outermost layers of carbon contamination which
are generally thought to be loosely bound and non-polar in nature
[30].
4.2. XPS
To understand further the surface free energy results, XPS was
used to analyse the surface for chemical changes induced by expo-
sure to the plasma. This was  initially done by exposing the material
to the plasma for ﬁve minutes to ensure that any changes would
be obvious. As Fig. 2 shows, there is a signiﬁcant reduction in
adventitious carbon when comparing the acetone washed sample
to the 15 s CAP treated sample and a further reduction for the 5 min
exposure sample. This implies that there is a removal of the car-
bon contamination layer as opposed to the functionalisation of the
hydrocarbon layer.
The survey spectra presented Fig. 2 show that there is a limited
amount of carbon observed to be present on the metal surface after
CAP treatment. This is unavoidable as the formation of a carbon
over layer is almost instantaneous when a metal surface is exposed
to atmosphere – the driving force being the reduction in surface
free energy of the oxidised metal surface by the adsorption of air-
borne carbonaceous material. The initial over-layer may  increase in
thickness with time. This has been minimised by keeping the time
between treatment and admittance into the instrument to be less
than 2 min  for each sample.
Importantly, there appears to be a similar level of carbon con-
tamination reduction on the 15 s exposure sample. This implies
that the cleaning aspect of the treatment takes place within over a
relatively short time.
Further to a large reduction in the carbon content there is a con-
siderable increase in the concentration of oxygen. This may  be a
result of three processes occurring at the surface.
1. Uncovering of the native oxide layer, will be accompanied by an
increase in the iron and chromium peak that can also be seen in
the survey spectra in Fig. 2.
2. The carbon overlayer itself is being oxidised by the plasma torch,
as a result of oxygen from the atmosphere mixes with the plasma
plume. This may lead to oxygen being ionised and subsequently
available to bond with the carbon contamination
3. As the polar carbon is more ﬁrmly attached to the underlying
oxide layer, the plasma torch may  only remove the uppermost
apolar carbon layers, which would reveal more oxygen contain-
ing carbon.
The ﬁrst process can be corroborated on the basis of the O1s
binding energy of ca. 530.2, but the second and third processes
are difﬁcult to differentiate between as they both involve function-
alised carbon at a higher binding energy within the O1s spectrum.
The reduction in carbon also indicates that the former process is
the dominant feature although the C1s spectrum shows the clear
presence of polar adventitious material. Based on the structure of
an atmosphere exposed clean surface as shown in Fig. 5, following
the schema of Castle [30] there may  be a limit to the removal of
carbon as the polar carbon is more strongly attached to the oxide
D.F. Williams et al. / Applied Surface Science 403 (2017) 240–247 245
Fig. 5. Schematic showing the surface of metals exposed to the atmosphere pro-
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Table 6
Values given for each carbon species for Fig. 8(d).
Carbon species Value
C C 4
C O 2
F
fosed by Castle [23] and the effect of the plasma torch proposed in this paper
20].
urface. Therefore, the nonpolar carbon is removed revealing a layer
f oxygen containing polar carbon.To investigate which process occurs, the carbon iXPS data of
he treated area is presented as several different maps in Fig. 6,
hich show the intensity of discreet energies within the carbon
ig. 6. XPS of treated area using individual peak intensity from carbon scan shown in Fig. 
rom  [20].C  O 1
window. Each has been chosen as they represent different car-
bon compounds such as C C (285.0 eV), C O (286.6 eV) and C O
(288.0 eV).
When viewing the carbon intensity at 285.0 eV (C C bonds)
there is a large void towards the centre of the treated area, shown
in Fig. 6a and a band of increased intensity some distance away.
At 286.5 eV (C O bonds) there is a ring of increased intensity sur-
rounding the treated region shown in Fig. 6b. When the energy is
when moved further to 288.0 (O C O bonds) [31] the ring moves
in closer to the centre of the treated area, Fig. 6c.
Fig. 6d is a composite image of the previous three images. Each
map has been reconstructed using an above average thresholding
technique, whereby each pixel intensity is compared to the average
intensity of the entire map. If the intensity of a pixel is higher than
the average it is considered a value based on Table 6 and if it is
lower it is set to 0. The three maps are then summed into a single
map, shown in Fig. 6d. Binary numbers were used to create a unique
value for any summation that may  occur, for example a ﬁnal value
of 1 or 2 indicates that only C C or C O is the dominant chemical
4. (a) 285.0 eV, (b) 286.5 eV and (c) 288.0 eV. (d) map  of the distribution using codes
246 D.F. Williams et al. / Applied Surface
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increase in the polar energy calculated.
FFig. 7. Carbon over layer thickness in nm,  calculated using Eq. (1) [21].
pecies present. If the value was 3 it shows that there is a mixture
f C C and C O present at that pixel. The result is a value that will
ange from 0 to 7.
Fig. 6d shows that there is a region of C O close to the treated
rea that is not mixed with a signiﬁcant amount of other carbon
pecies. Surrounding that there is a ring of C O and C O containing
pecies and outside of that is a fairly uniform C C/C H surface. This,
long with the carbon thickness measurements begins to make
lear which process is at work.
Fig. 7 shows the treated area as a function of carbon overlayer
hickness. The reduction in carbon thickness implies that there is a
rater carved through the thick adventitious carbon layer present
n the native metal. This indicates that there is at least a component
f the ﬁrst process discussed in Section 4.2, which involves some
aterial removal.
ig. 8. Wetted area of water on a treated region and a composite image of the wetted are Science 403 (2017) 240–247
The overall outcome of the iXPS does not appear as well deﬁned
as this, which implies that there is a second process at work also.
This has been alluded to previously. The remaining carbon species
are being oxidised by the plasma. Fig. 6d shows that this is a possi-
bility.
Further investigation of the treated area was conducted by sub-
merging the treated sample in water and measuring the diameter
of the wetted area. A photo of the treated area after submersion
is shown below in Fig. 8. This shows a wettable diameter of circa
12 mm.  The boundary of the drop was  then traced and overlaid
on a scaled image of the carbon concentration map, this can also
be seen in Fig. 8 where the red line is the outline of the drop. In
this instance, the carbon concentration has been limited in range
to 40–50% to investigate the boundary between the wetting and
non-wetting surface.
From the work conducted on the cold atmospheric plasma treat-
ment of stainless steel, the proposed method of treatment is that of
ablation of the carbon contamination covering the metal surface.
This occurs over an apparently short period, of the order of several
seconds. After that, it is not clear if there is any promotion of the
oxide layer when using a pure helium plasma. This is reasonable,
as there would be little oxygen being mixed into the plume. Fur-
ther analysis would be required to conﬁrm this hypothesis such as
plasma assisted desorption/ionisation (PADI) spectroscopy of the
surface being introduced into the plume. Secondary ion mass spec-
trometry (SIMS) could also be used to investigate the surface in
more detail compared to XPS.
5. Conclusions
Exposure of 316 stainless steel to a cold atmospheric plasma
plume reduces the carbon contamination at the surface consider-
ably. This has been done with exposure times from 5 min  to circa
5 s, each of which shows that there is a large reduction in carbon
contamination, from 80 at.% to circa 30–40 at.%. This is accompa-
nied by a large increase in surface free energy consistent with anThe increase the polar component of the surface free energy
coincides with an increase in oxygen on the surface. This has been
shown to be the driving factor for the surface energy differences.
a and a map  of where the carbon concentration is between 40 and 50%At [21].
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Using a plasma jet with the parameters described in this paper,
he treated area is in the region of 10–12 mm diameter. This can
e used in further work to optimise the treatment of an area. The
ifference in treated area and nozzle diameter is down to the gas
xpanding upon leaving the nozzle.
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